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Introduction
Pollinator activity and behavior can be major factors affecting pollen limitation (Burd 1994; Olsen 1997; Fenster et al. 2004) . Low pollinator visitation often limits seed production simply because of the small amount of pollen received, that is, quantitative pollen limitation. In contrast, even under conditions with frequent visitations, the longer pollinators stay at a flower, an inflorescence, or a plant, the greater the potential for autogamous pollination, geitonogamous pollination, or biparental inbreeding, all of which can result in qualitative pollen limitation (de Jong et al. 1993 ). Furthermore, deposition of self-pollen on stigmas may interfere with outcrossing even when enough outcross pollen is received if stigma clogging (Lloyd and Yates 1982) or ovule discounting (Waser and Price 1991; Eckert 2000; Nuortila et al. 2002) occur. Therefore, the effectiveness of the pollinator situation depends strongly on postpollination properties of the plant species.
Variation in pollinator effectiveness among populations has been commonly studied at spatial scales containing different pollinator groups in which pollination success of individual populations can be influenced by local pollinator fauna (e.g., Brunet and Sweet 2006; Moeller 2006) . In addition, pollinator activity often varies seasonally, reflecting climatic conditions (Inouye and Pyke 1988; Bergman et al. 1996) or events in the life cycle of pollinator species, such as the migration schedule of nectar-feeding birds (Ramsey 1995a) and colony growth in social bees (Tomono and Sota 1997) . Temporal variation in pollinator effectiveness may influence the pollination success of plant species that have prolonged flowering seasons (Kudo 1993; Ramsey 1995a) .
The alpine ecosystem is an ideal location in which to study the seasonal variation in pollinator effectiveness and its impact on pollination success. Flowering in alpine plants is strongly determined by time of snowmelt, and the flowering period of a single species lasts throughout summer over populations situated along the snowmelt gradient (Kudo 1991) . In the alpine ecosystems of the Northern hemisphere, bumblebees (Bombus spp.) are highly effective pollinators, and their activity varies considerably as the alpine plant growing season progresses, resulting in a clear seasonal trend in visitation frequency to flowers (Kameyama and Kudo 2009 ). Fruit-set success in beepollinated alpine plants varies, reflecting the seasonality of bumblebee activity (Kudo and Suzuki 2002) .
In a previous study, we demonstrated that a late-flowering population of Rhododendron aureum Georgi (Ericaceae) located in a snowbed habitat was predominantly visited at a higher frequency by worker bees, but seed production within fruits was smaller in comparison with that in an early-flowering fellfield population, where only queen bees visited at a lower frequency (Hirao et al. 2006 ). This trend was presumably caused by frequent geitonogamous pollination and/or biparental inbreeding mediated by worker bees, resulting in higher rates of abortion of selfed seeds due to inbreeding depression. Hand-pollination experiments revealed that self-pollinated flowers produced a significantly smaller number of seeds than did outcrossed flowers, although both selfed and outcrossed flowers showed high fruit-set success. However, the interference effect of self-pollen deposition on seed production was not tested in our previous study. If fertilization with outcross pollen has priority over self-fertilization in a situation with mixed pollination, the effect of self-pollen deposition on seed production may be small (Kameyama and Kudo 2009 ). Furthermore, we did not previously document the relationship between the foraging behavior of bumblebees and geitonogamous pollination.
We now attempt to answer the following three questions. First, how does flowering time influence pollinator visitation and fruit production in R. aureum (i.e., the seasonal trend of quantitative pollen limitation)? In our previous study (Kudo 1993) , later-flowering populations inhabiting a snowbed habitat in 1990 and 1991 displayed both larger numbers of pollinator visits and higher fruit-set ratio than did an early-flowering population inhabiting an exposed fellfield habitat with little snow cover. However, the difference in fruit-set success was not clear between the fellfield and snowbed populations in 2003 in the same area (Hirao et al. 2006) . Because the timing of snowmelt varies from year to year, a longer observation period of fruiting pattern and pollinator visits is necessary to understand general trends. Second, how do queen bumblebees, nectarforaging workers, and pollen-foraging workers differ in their patterns of floral visitation and pollen deposition on stigmas? In June, overwintered queens occasionally visit R. aureum flowers for nectar before nesting, whereas worker bees intensively collect nectar or nectar and pollen from late July to late August. Finally, how does the foraging behavior of bumblebees influence seed production with reference to the mating properties of this species? Not only pollinator caste but also whether a bee is collecting nectar or pollen may influence pollination efficiency (Freitas and Paxton 1998; Young et al. 2007; Ono et al. 2008 ).
Material and Methods

Study Site
This study was conducted in the central part of the Taisetsu Mountains in Hokkaido, northern Japan. The climate of the Taisetsu Mountains is characterized by warm, wet summers and cold, snowy winters. Annual mean temperature at 1700 m elevation is À2.0°C, ranging from À16.3°C in January to 13.0°C in August. Plant growth starts in late May in earlysnowmelt locations, and the growth season lasts until midSeptember. We selected two fellfield plots, hereafter F1 (1710 m elevation) and F2 (1910 m elevation), and two snowbed plots, hereafter S1 (1860 m elevation) and S2 (1810 m elevation), around Lake Hisago (43°339N, 142°529E) in which Rhododendron aureum was a dominant plant species. Each plot was ;20 3 20 m in size. F1 was located on a plateau 100 m above the timberline, and F2 was located on a ridge. Both fellfield plots were usually free of snow cover by mid-April and were dominated by lichens and dwarf shrubs. In contrast, the snowbed plots were usually exposed around mid-to late July, and herbaceous species were common there. F2 and D2 corresponded to the early and late snowmelt plots, respectively, in our previous study (Hirao et al. 2006 ).
Plant Material
Rhododendron aureum is an evergreen dwarf shrub distributed in the alpine regions of northeastern Asia. This species has a wide distribution range, from fellfield to snowbed sites, in the Taisetsu Mountains, and its flowering season lasts from early June in early-snowmelt fellfield sites to mid-August in late-snowmelt snowbed sites (Kudo 1991 (Kudo , 1993 . Each inflorescence contains two to five cream-yellow flowers that open synchronously and have a longevity of 7-10 d. Self-pollinated flowers can produce fruit, but autogamous selfing is rare (Kudo 1993) . Thus, the fruit-set ratio essentially reflects the activity of pollinators in this species. The major pollinators for R. aureum are bumblebees, small solitary bees, and various flies (Kudo 1993) , but the most effective pollinators seem to be bumblebees (Hirao et al. 2006) . Flowers in the fellfield populations are commonly visited by overwintered queens, while flowers in the snowbed populations are predominantly visited by worker bees. Self-pollinated flowers produce smaller numbers of seeds than do outcrossed flowers, indicating the existence of partial self-sterility (Hirao et al. 2006) . Fruits mature ;50-60 d after flowering (Kudo 1993) .
Flowering Phenology and Reproductive Success
The beginning and end of flowering was observed in each plot every year from 2003 to 2007. Flowering period (from first flowering to the completion of flowering in each plot) was observed at 5-7-d intervals on average. Fruit-set success (i.e., fruit to flower ratio) under natural pollination was measured in 2006 and 2007 to evaluate pollinator activity. For the measurement of fruit-set success, 35-100 inflorescences were randomly selected and tagged for identification before flowering in each plot, the number of flowers was recorded over the flowering period, and the number of mature fruits was counted during the fruiting period to calculate the fruit-set ratio. In the fruiting period, 30-35 infructescences with mature fruits were selected randomly from each plot, and one fruit was harvested before seed dispersal. In the laboratory, the numbers of seeds and undeveloped seeds or ovules were counted using a microscope, and the seed-set ratio (i.e., seed to ovule ratio) was calculated. Seed-set success was measured in only F2 and S2 because there were seed-set records for those plots in our previous study (Hirao et al. 2006 ). In the analyses of fruit set and seed set, we added data for 2003 (from Hirao et al. 2006) in which F2 and D2 data were available.
Outcrossing Rate
The outcrossing rate of naturally pollinated flowers in 2006 was estimated for 24 and 26 fruits in F2 and D2, respectively. Each fruit was sampled from different inflorescences, and two to four seeds per fruit were used for analysis. Five microsatellite markers (RM2D2, RM3D1, RM9D1, RM9D6 [Naito et al. 1998 ], and RM9D9 [Hirao et al. 2006] ) were used to determine whether seeds were outcrossed or selfed. Extraction of genomic DNA was performed in accordance with Hirao et al. (2006) . Polymerase chain reaction (PCR) amplification was performed with a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA). The size of PCR products was determined using an ABI PRISM 3100 automated sequencer and GENESCAN analysis software. The maternal alleles of individual inflorescences were obtained from leaves, and the direct estimator of the outcrossing rate, 71 which was determined by the presence of nonmaternal alleles, was used for a comparison between fellfield (F2) and snowbed (S2) populations. To confirm the outcrossing rate, paternity exclusion probability was calculated from the allele frequencies of the loci (Weir 1996) .
Pollination Experiment
To evaluate the interference of self-pollen deposition with seed production, we conducted a hand-pollination experiment in 2008. We selected 20 inflorescences with more than three floral buds in S1 and covered them with fine-meshed nylon bags. When all of the flowers opened, we selected three flowers and the others were removed. Then, the following three pollination treatments were performed on one of three flowers on an inflorescence: (1) self-pollination, (2) outcross pollination with pollen from a donor plant located >10 m from a recipient plant, and (3) mixed pollination with selfand outcross pollen. In the mixed pollination treatment, selfpollen was deposited on stigmas first, and then outcross pollen was deposited immediately thereafter. This pattern simulated the condition of frequent geitonogamous pollination, in which receipt of self-pollen is common in comparison with the deposition of outcross pollen on stigmas. Hand pollination was performed until the stigma surface was completely covered with pollen. After hand pollination, inflorescences were again covered with nylon bags until the end of the flowering period. When the fruits matured, they were harvested, and seed-set success was measured as described above. Inbreeding depression (d) was calculated as d ¼ (r out -r self )/r out , where r out is the seed-set ratio by outcross pollination and r self is the seed-set ratio by self-pollination within inflorescences. Similarly, the interference effect of self-pollen in the mixed-pollination (I) was calculated as I ¼ (r out -r mix )/r out , where r mix is the seed-set ratio by mixed pollination.
Pollinator Observation
Visitation frequency and foraging behavior of bumblebees were observed in the fellfield and snowbed populations and in nearby plots in 2007. Observation of visitation frequency was conducted for 1 d (over 6 h), and that of foraging behavior was observed for 3 d (1-3 h d À1 ) at peak flowering season under sunny and calm conditions in each fellfield and snowbed plot. In each observation day, a 10 3 10-m quadrat was set at the central part of the population, and the number of inflorescences within that quadrat was counted. Then, the number of bumblebees that visited the quadrat, the number of sequential inflorescence visits within the quadrat, the flight distance between inflorescences, and foraging behavior (nectar or pollen foraging) were recorded in addition to the identification of species and caste (queen or worker) of individual bumblebees. Flight distance was recorded by eye along a 10-cm interval scale as accurately as possible.
For the comparison of the effectiveness of pollination between queen and worker bees, pollen deposition on stigmas during a first visit and during a 24-h period was measured in the fellfield and snowbed populations in 2007. In the measurement, during a first visit, newly opened flowers without pollen deposition on their stigmas were tagged and then observed until a bumblebee visited the flower. After the first visit, the stigma was cut off and put on a cell plate filled with agar medium. In the laboratory, using a microscope, the number of pollen grains on the stigma was counted. In the 24-h exposure measurement, newly opened flowers were tagged on the morning of a fine and calm day and exposed for natural pollination. After 24 h, the number of pollen grains on each stigma was counted as described above. In the fellfield populations, the stigmas of 15 and 58 flowers were checked during a first visit and during 24-h exposure measurements, respectively. In the snowbed populations, the number of samples was 19 and 20 flowers, respectively.
Statistical Analyses
Fruit set and seed set under natural conditions were compared between fellfield and snowbed habitats by a generalized linear mixed model (GLMM) comprising a logit link function and a binomial error distribution in which the number of flowers that did and did not set fruits within inflorescences (for fruit set) or the number of ovules that did or did not turn into seeds within fruits (for seed set) were the data sources. In the GLMM, year (2003, 2006, 2007) and plot (F1, F2, S1, S2; only for fruit-set analysis) were treated as random factors. Furthermore, inflorescence (for fruit set) or fruit (for seed set) was also considered as a random factor. The outcrossing rate in 2006 was compared between a fellfield plot (F2) and a snowbed plot (S2) by GLMM, comprising a logit link function and a binomial error distribution in which plot was a fixed factor and fruit was a random factor. Seed set of the pollination experiment was compared among treatments (self-, mixed, and outcross pollination) by GLMM, comprising a logit link function and a binomial error distribution in which treatment was treated as a fixed factor. The random factors were hierarchically defined as dependent on fruits nested within inflorescences. Pollen deposition on stigmas in 2007 was compared between fellfield and snowbed plots by a generalized linear model (GLM), comprising a Poisson error distribution. Foraging behavior of bumblebees (number of flower visits per 
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inflorescence, interinflorescence flight distance, and number of sequential inflorescence visits within a quadrat) was compared among queens, nectar-collecting workers, and pollen-collecting workers by a linear mixed effect model (LME) comprising a Gaussian error distribution in which the observation quadrat was treated as a random factor. In the analysis of foraging behavior, mean values of individual bees were used for LME. All statistical analyses were performed using R, version 2.10.0 (http://www.R-project.org).
Results
Flowering Phenology
The flowering periods of individual plots from 2003 to 2007 are shown in figure 1. Flowering in F1 and F2 frequently started in the middle of June and lasted until the end of June. Flowering in the snowbed plots varied substantially from year to year, depending on snowmelt time. Flowering in S1 occurred from mid-July to early August, while the flowering season in S2 was from late July to late August. The mean flowering periods of individual plots were 13 days in F1, 16 days in F2, 11 days in S1, and 9 days in S2.
Fruit Set and Seed Set
The fruit-set ratio of every plot and the seed-set ratio of F2 and S2 are shown in figure 2. Fruit set under natural pollination was significantly lower in the fellfield (F1 and F2) than in the snowbed (S1 and S2; P ¼ 0.0039 by GLMM). The mean fruit-set ratio was 0.43-0.65 in the fellfield populations, while it was 0.57-0.89 in the snowbed populations. In contrast, the seed-set ratio per fruit showed the opposite pattern between fellfield and snowbed: it was higher in F2 (0.49-0.54) than in S2 (0.15-0.35), and this difference was significant (P ¼ 0.012 by GLMM).
With all of the microsatellite loci combined, paternity exclusion probability was high enough (>0.99) to directly assign selfed or outcrossed seed. The outcrossing rate in 2006 was 0.79 6 0.05 SE (n ¼ 24) in F2 and 0.77 6 0.06 (n ¼ 26) in S2. In 2003, outcrossing rate was 0.85 6 0.07 (n ¼ 12) in F2 and 0.69 6 0.07 (n ¼ 12) in S2 (Hirao et al. 2006) . GLMM revealed that there were no significant differences in outcrossing rates between F2 and S2 (P ¼ 0.23) or between 2003 and 2006 (P ¼ 0.59).
Mating System
Most of the hand-pollinated flowers that were not lost accidentally set fruits irrespective of pollination treatment (i.e., self-, outcross, and mixed pollen). The seed-set ratio was significantly different between pollination treatments (P < 0.001). Seed-set ratio of outcrossed flowers was 0.64 6 0.04 SE, while that of self-pollinated flowers averaged only 0.08 6 0.01 ( fig. 3) , indicating high inbreeding depression (d) for seed set. The measure of inbreeding depression was 0.86 6 0.02 (n ¼ 13). The seed-set ratio of mixed pollination showed intermediate values, indicating the existence of interference by self-pollination. The interference effect (I) was 0.69 6 0.04 (n ¼ 13).
Visitation Frequency and Behavior of Bumblebees
In the fellfield plots, only overwintered queens of Bombus hypocrita sapporoensis were observed on R. aureum flowers, and visitation frequency was low, <0.1 visits per inflorescence per hour (table 1) . In contrast, visitation frequency in the snowbed plots was >10 times higher than that in the fellfield plots, and snowbed flowers were predominantly visited by workers of B. hypocrita sapporoensis.
During 17 h of observation throughout the plots, the foraging behavior of 150 B. hypocrita sapporoensis was recorded. Bumblebees visited 1.8 6 0.05 (mean 6 SE) flowers within inflorescences, and there was no difference between queens and workers (P > 0.10; fig. 4A ). The flight distance between inflorescences was significantly longer for queens (123 6 38 cm) in comparison with workers (44 6 2 cm; P < 0.05; fig. 4B ). The sequential number of inflorescence visits within a 10 3 10-m quadrat was significantly different among queens (11 6 3 inflorescences), workers foraging for nectar (25 6 3 inflorescences), and workers foraging for pollen (36 6 3 inflorescences; P < 0.001; fig. 4C ). These results suggest that geitonogamous pollination was more common for workers than for queens, and especially for workers collecting pollen.
Pollen Deposition on the Stigma
The number of pollen grains deposited on the stigma during a first visit by a bumblebee was not significantly different between a fellfield plot (F2) visited by queens and a snowbed plot (S2) visited by workers (P > 0.10; fig. 5A ). The number of pollen grains deposited on the stigma during a 24-h period was significantly greater in S2 than in F2 (P < 0.001; fig.  5B ), reflecting the visitation frequency in each plot (table 1) . Interestingly, the twenty-fifth to seventy-fifth percentile boxes of F2 were similar between first visit exposure and after 24 h of exposure, while the median number of pollen grains was quite contrastive: that of 24 h of exposure was almost 0 (fig.  5 ). This indicates that pollinator visitation was limited and occasional in F2. Fig. 3 Seed-set ratio in the hand-pollination experiment: outcross, mixed, and self-pollination. The sample size of each treatment is shown in parentheses. Treatment effect on seed-set ratio was significant (P < 0.001) by a generalized linear mixed model. Note. Observation was conducted in 2007 within a 10 3 10-m quadrat on June 14 in F1, June 20 in F2, July 27 in S1, and August 8 in S2. The observation period was 6 h.
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Discussion
Pollinator Situation
Fruit production of Rhododendron aureum was greater in the snowbed populations than in the fellfield populations, as reported in our previous studies (Kudo 1993; Kudo and Suzuki 2002) . Because self-and outcross-pollinated flowers showed similarly high fruit sets, the variation in the fruit-set ratio among populations reflected quantitative pollen limitation. Because both queens and workers deposited similar numbers of pollen grains on each stigma during a single visit, the low visitation frequency of queens resulted in low fruit set in the fellfield populations.
In a number of plant species in the alpine area of northern Japan, fruit production of bee-pollinated plants is usually low in the early season (June to early July) and increases as the season progress (Kudo and Suzuki 2002) . Overwintered bumblebee queens are the major pollinators from June to mid-July, but their visitation frequency is usually low because of the small population of queens and the cool climate. Worker bees normally appear in late July in the alpine regions of Hokkaido, and visitation frequency increases drastically (>100 times in comparison with visitation by queens) as colonies grow during the warmer season. The high-activity period of the worker bees lasts until late August (Kameyama and Kudo 2009) . Such a very clear seasonality of pollinator activity is characteristic of alpine ecosystems.
This study revealed that the high activity of worker bees resulted in decreased pollination efficiency due to a higher level of geitonogamous pollination. This was because worker bees exhibited shorter flight distances between inflorescences and longer periods of staying within a given patch. Although the differences in foraging behavior between bumblebee castes have been reported previously (e.g., Macior 1966; Ranta and Lundberg 1981; Ono et al. 2008) , current information on the pollination effectiveness of queens and workers is very limited. In this study, geitonogamous pollination increased with visitations by workers. These results indicate the existence of a trade-off between quantitative pollen limitation and qualitative pollen limitation within the flowering season.
Mating Properties
The effects of pollinator activity and behavior on seed production strongly depend on the mating system of the plant species. For instance, seed-set ratio in Phyllodoce aleutica, a bumblebee-pollinated shrub inhabiting alpine snowbed habitats, varied from 0.18 to 0.83 among neighboring populations located in different snowmelt conditions (Kameyama and Kudo 2009 ). This reflects the significance of seasonality in bumblebee activity for the reproduction of alpine plants. Furthermore, the outcrossing rate of P. aleutica increased from 0.10 to 0.88 with an increase in seed-set ratio. This was because P. aleutica showed selective outcrossing when both selfand outcross pollen were deposited on stigmas without prior interference by self-pollen, that is, cryptic self-incompatibility (Kameyama and Kudo 2009 ).
In contrast, in R. aureum, interference by self-pollen deposition was deleterious. Seed production of mixed-pollinated flowers decreased by 69% in comparison with outcrossed flowers, while seed production of self-pollinated flowers decreased by 86%. The strong depression effect of mixed pollination might be because self-pollen was deposited before outcross pollen during the hand pollinations. However, this situation may be common under natural pollination because 
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R. aureum often produces clonal patches, with diameters of a few meters up to 12 m, with limited intermingling of genets, in which geitonogamous pollination can occur easily (Eckert 2000) . A decrease in seed set because of self-pollination might be caused by partial abortion of self-fertilized seeds at an early stage because aborted seeds were clearly larger than ovules (G. Kudo, personal observation).
Partial self-sterility due to inbreeding depression has been reported in other Rhododendron species (Hirao 2010) and in several ericaceous species, such as Vaccinium myrtillus, Vaccinium angustifolium, Vaccinium corymbosum, and Vaccinium vitis-idaea (Guillaume and Jacquemart 1999; Hokanson and Hancock 2000; Nuortila et al. 2002 Nuortila et al. , 2006 Raspé et al. 2004) . When ovules are preempted by self-pollen before cross-fertilization, total seed production should be substantially reduced (Ramsey 1995b) . Therefore, the impact of geitonogamous pollination in these species should be significant.
In a previous study, Kudo (1993) speculated that seed production by selfing might be common in fellfield populations of R. aureum because of lower pollinator visitation rates and lower fruit production. However, this study showed that fellfield and snowbed populations had similarly high outcrossing rates (;80%) in mature seeds due to the high abortion rate of selfed seeds caused by strong inbreeding depression. However, the high fruit-set ratio we observed following self-pollination indicates that, despite the inbreeding depression that accompanies selfing, enough ovules mature as seeds to simulate fruit development. A similar situation has been reported in another ericaceous shrub, V. myrtillus (Raspé et al. 2004 ).
Conclusions
The pollination situation in alpine ecosystems clearly changes quantitatively and qualitatively through the flowering season, reflecting the life cycle of bumblebees. Acceleration of pollinator activity accompanied by increasing risk of geitonogamous pollination brings about an opposing pattern of fruit production and seed production per fruit in R. aureum. However, the effects of such a pollination situation on reproductive output vary depending on the mating system of the individual plant species. This indicates the importance of genetic milieu in understanding the sensitivity of plant reproduction to pollinator availability under conditions with clear seasonality.
